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Abstract 
Aseptic mechanical loosening of the femoral component is the major 
long term complication of Total Hip Arthroplasty. The role of the bone- 
polymethylmethacrylate (PMMA, "bone cement") interface in this process 
has been extensively studied. Recently, pressurized injection of low 
viscosity cement has been advocated for increasing cement-bone inter¬ 
locking and hence the interface mechanical strength. In this ku vitro 
study, canine femora were injected with PMMA at controlled pressures 
(16 to 175 psi or 0.11 to 1.23 MPa), and the relationships between PMMA 
penetration into cancellous bone and intrusion pressures were quantified. 
The results showed a positive relationship between cement pene¬ 
tration and intrusion pressure, which followed a logarithmic function 
with penetration increasing and reaching ^90% at ^ 100 psi (0.70 MPa). 
Maximum penetration was achieved at higher pressures. The results also 
demonstrated unequal radial distribution of cement within the metaphysis. 
As a function of pressure, cement penetration into the lateral cancel¬ 
lous bone was fascilatated with near complete penetration at-~70 psi 
(0.49 MPa) while the medial-posterior cancellous bone remained relatively 
underpenetrated until higher pressures, '-'125 psi (0.88 MPa) were reached. 
The relationships between cement penetration and bone size were 
also explored, using a control pressure of 50 psi (0.35 MPa). The amount 
of cement penetration was found to be linearly related to bone size. 
However, the percent penetration of available cancellous bone remained 
nearly constant over a range of bone size. 
. 
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For the estimated 200,000 patients who undergo Total Hip Arthroplasty 
11 19 
annually, ’ the major long term complication is mechanical loosening of 
the implant. Specifically, aseptic mechanical loosening of the femoral com¬ 
ponent has been a well recognized and documented problem. ^ 5 ^ ^ ^ ^ ^ ^ 
Reports based on radiological evidence of loosening indicate a frequency 
2 8 17 
of 15% to 24% ’ ’ with follow-up periods of 1 to 7 years, and according 
to Gruen (1979) the majority of such cases involve loosening in the 
cancellous bone-polymethylmethacrylate (PMMA, "bone cement") interface 
8 
Although most hips with radiological evidence of loosening remain asymp- 
2 9 
tomatic, about 2% of the implants progresses to gross loosening, ’ 
cement fracture and failure of the femoral implant requiring revision 
surgery. The incidence of implant loosening can be expected to increase 
as more Total Hip Arthroplasties are performed. 
Loosening and subsequent failure of the implant are the result of 
serial interactions between biological and mechanical factors relating 
to the manner in which cyclic loads are distributed and transferred 
from implant to cement to bone. Many factors have been implicated in 
this process: Prosthetic design has been studied relating to its 
1,4,22 
material and orientation within the femur. The physical proper¬ 
ties of PMMA such as its tensile strength and shrinkage during polymer- 
19 
ization have been studied. Surgical techniques implicated in the 
loosening process include inadequate medullary reaming and cleansing, 
„ „ , . , * 2,8,14,15,17,18,22 
poor cement technique and varus insertion of prosthesis. 
The principle end-point affected by all these factors seems to be the 
« 
2 
mechanical interlocking of cement with cancellous bone at the bone-cement 
interface. 
Recent literature has concentrated on improved surgical techniques 
to increase cement penetration into cancellous bone and hence the mechan¬ 
ical strength of the bone-cement interface. They include thorough medul- 
. . . , . , . . r . . . 3,7,10,18 
lary cleansing and pressurized injection of low viscosity cement. 
Convery (1980), using a specially designed canulated tibial total 
condylar prosthesis, has shown that by pressurizing cement to ~'100 psi 
(0.7 MPa), the cement penetration increased from 67% to 80%, and the 
3 
interface shear strength was enhanced by 388%. Halawa (1978), using 
fresh human femoral sections, has shown that the bone-cement interface 
2 
shear strength increased by 100% when cement was pressurized to 0.3N/mm 
2 
versus 0.15N/mm . Shear strength was increased by 60% with early appli¬ 
cation of low viscosity cement.^ Geiger (1980), using fresh cadaver 
metaphyseal specimens, has shown that the interface shear strength 
increased by 300% with pulsatile lavage and concurrent suction of medul¬ 
lary bone surface before pressurized cement injection.^ Thus, pressurized 
injection of low viscosity cement appears to have potential clinical 
applicability. However, the iatrogenic creation of high medullary 
pressures carries a definite risk of pulmonary marrow embolization when 
pressures exceed 50 psi (0.35 MPa), Drinker (1980).^ If methacrylate 
pressurization proves a significant advance to implant fixation, it will 
therefore be necessary to define an optimal pressure range both with 
respect to toxicity as well as mechanical efficacy. As a preliminary 
study, the quantitative relationship between cement penetration into 

3 
cancellous bone and intrusion pressure must be defined. Such is the 
objective of this study. 

4 
Materials and Method 
As fresh human cadaveric femora were difficult to obtain, an animal 
model was required. Studies in our laboratory, Strongwater (1980), have 
indicated that among available laboratory animals, the canine femur 
would be a satisfactory model because of its similar anatomy to the 
26 
human. Thus, ten pairs of canine femora were used for the major study. 
One femur from each pair was pressurized to a pressure ranging from 
16 to 175 psi (0.11 to 1.23 MPa) while its mate was used as a control 
and pressurized to 50 psi (0.35 MPa). Additional femora were pressurized 
to 50 psi to study the effect of anatomic variation. 
The femora of fifteen healthy adult mongrel dogs (weight 23 to 27 Kg.) 
were collected fresh, and each femur was prepared as follows: The bone 
was stripped of all soft tissue and the femoral neck was transected 3 mm 
proximal to the lesser trochanter using a band saw. A straight tapered, 
fluted rasp (Richards Medium 380166) was used to ream the medullary 
canal to a depth of 93 mm. One 8.7 mm diameter hole was drilled and 
tapped transversely into the medial cortex at a distance of 60 mm from 
the lesser trochanter for fitting the transducer. Another hole of 6 mm 
diameter was drilled through the bone in the anterior-posterior direct¬ 
ion at a distance of 100 mm from the lesser trochanter. Following 
thorough medullary cleansing with water jet and manual removal of marrow 
debris, a rod was fitted in the distal hole for later use in securing 
the bone to injection system. A bolus of methacrylate was introduced 
via a specially designed metal syringe to a depth of 80 mm distally to 





penetration and enhanced fixation. * (Figure 1 ) Thus, the PMMA plug 
was situated distal to the transducer hole but proximal to the rod. 
The femora so prepared were stored at -20°C in sealed plastic bags. 
At the time of experimentation, the specimen was thawed for at least 
two hours. The tapped hole was fitted with a pressure transducer 
(Sensotee NPT 1/8 27/1572). The transducer was threaded until its 
pressure sensitive menbrane was flush with the medullary surface and then 
it was connected to a 5-volt power source and chart recorder. Cement 
mixing and injection times were standardized for every experiment in 
order to maintain a constant cement viscosity. Mixing was done manually 
for a constant 40 seconds. The time from onset of cement mixing until 
pressurization was kept at 3 minutes as was the duration of pressurization 
at 15 seconds. Such techniques were necessary to insure a hydrostatic 
system that avoided a proximal-distal pressure differential, which would 
occur with the use of later, higher viscosity cement. Drinker (1981).^ 
The medullary canal was filled with PMMA using a modified Harris injection 
gun by retrograde injection. (Figure 2 ) At the completion of medullary 
filling, the proximal end of the canal was partially occluded by a rubber 
cap through which additional PMMA was injected under pressure using a 
specially designed pressure injection system. (Figures 3, 4, 5 ) 
The injection system consisted of a modified Harris injection syringe 
and a pneumatic power source. Metal clamps were fitted to secure the 
bone to the gun. The pressure was continually variable over a broad 
range, from 0 to 200 psi. The medullary canal was thus pressurized to 




room temperature 21°C using Simplex (Howmedica, Inc.) cement. 
After methacrylate polymerization at room temperature, the femur 
proximal to the cement plug was cut into eight transverse sections of 
10 mm thickness using a Gillings-Hamco high-speed diamond saw. (Figure 6) 
The inferior surface of each transverse section was photographed. 
Metaphyseal sections from the proximal two sections of each femur were 
digitized with respect to the boundaries of outer cortex, cortical- 
cancellous junction, cancellous-cement junction using a Talos digitizer. 
(Figure 7, 8 ) Computer programs were developed to convert the digitiz¬ 
ation results into area data and to calculate the percent penetration of 




Data for the two metaphyseal sections of each femur were analyzed 
separately, according to the following formulations: (Figure 7, 8 ) 
Let A. denote the cross-sectional area of the entire bone, 
measured from its outer cortex, 
denote the cross-sectional area of the cancellous bone only, 
measured from the inner cortex, 
A^ denote the cross-sectional area occupied by cement, 
including area of cement-bone interdigitation, 
A^ denote the cross-sectional area of the reamed hole. 
(A^ depends on rasp size and is constant for each metaphyseal 
section.) 
The total cross-sectional area of cement penetration into bone 
may be expressed as: 
A 
2 
and since the total cross-sectional area of available cancellous bone is: 
A3 “ A1 
Percent cement penetration may be expressed as: 
A2 - A1 
0 " 
Let be the difference between the of each pair of bones: 
((Vi = ((Vi " ((V50 psi 
where (Q^)^ is the difference between (at i psi) and of its mate 
at 50 psi. Q^, as a second penetration parameter, will help to minimize 
anatomic variations among different pairs of bones. 
A third penetration parameter is derived from non-dimensionalizing Q 

8 
The three penetration parameters Q^, Q^, define the total amount 
of cement penetration and provide no details as to the direction and mag¬ 
nitude of cement distribution in the cancellous bone. 
In order to examine regional cement distribution in greater detail, 
each bone section was subdivided radially into twelve 30° segments. 
(Figure 9 ) Line OA was drawn from point 0, the center of the reamed 
hole to point A, the anterior extent of the mid-sagittal plane of the bone. 
Point A was estimated by drawing a line on the cortical bone surface 
parallel to the longitudinal axis of the bone and connecting the center 
of the anterior intercondylar grove. 30° arcs were transcribed from 
line OA (Arcs 0=30°, G-60°, etc.), and segmental areas were computed 
according to the following: (Figure 9 ) 
Let B^ denote the total specimen area of a given segment, 
denote the cancellous bone area of a given segment, 
B^ denote the area of cement occupation of a given segment, 
B^ denote the reamed hole area of a given segment. 
(B^ is again a constant for each metaphyseal section.) 
Finally, all graphs were analysed by computer programs for least 
square fit. 
Statement on Experimental Error 
The method of analysis has the following basic limitations: 
The system allows for analysis of bone sections in two-dimensions only 
while the phenomenon under study, cement penetration into bone, is 
three-dimensional. The data presented analyze only two surfaces 10 mm 
apart. Hence, volumetric relationships are inferred in this study 
. 
rather than specifically defined. Caution must be exercised in the 
analysis of regional cement distribution. The location of the reamed 
hole relative to the transverse bone axes is variable, hence it is 
difficult to compare data from different bones. Points 0,A were estimated 
and therefore were subject to error. 
Anatomic variation among the bones tested was significant. In 
particular, the quantity and porosity of cancellous bone in each metaphysis 
differed. However, it was hoped that by using paired controls, these 
factors would be minimized. 
PMMA viscosity is known to vary as a function of ambient temperature, 
method of mixing and polymerization time. Efforts were made to keep each 
of these variables constant. However, as penetration would be expected 
to relate directly to methacrylate flow (and viscosity) some experimental 
error is assumed. 




Results are presented for the inferior surface of the first metaphyseal 
section at the level of the lesser trochanter. 
Penetration versus Anatomy 
Penetration data of all bones pressurized at 50 psi, the control 
pressure, were evaluated as a function of two parameters, and A^. 
(A^ represents the total cross sectional cancellous bone area, A^ is 
total bone area.) 
Figures 10, 11 represent least square fit curves of (A^-A^) vs. A^ 
and (A^-A^) vs. A^ respectively. The lines depict linear relationships. 
The amount of cement intrusion into cancellous bone increased similarly 
with both bone-size parameters A^, A^ at 50 psi. 
Figures 12, 13 represent least square fit curves of vs. A^ and 
Qq vs. A^. The lines also depict linear relationships with small slopes. 
Qq, percent cement penetration, increased very slowly, but proportionally 
with both A„, A, at 50 psi. Q„,however, remained almost constant at ~20% 
3 4 0 
over the experimental range of bone size. 
Penetration versus Pressure 
Figure 14 is a graph of vs. pressure for all bones tested. Q^, 
((A^-A^)/(A^-A^)) represented the penetration parameter subject to anatomic 
variation. The least square fit curve depicted has a logarithmic function: 
Qq=100-247.5 e ^*027p. Qne notes a positive relationship between and 
intrusion pressure, with reaching ~90% at "-'100 psi. Maximum penetration 
was achieved at higher pressures. The dotted curve beginning at the origin 




the assumption that approaches 0 when no pressure is applied. 
Figure 15 is a graph of vs. pressure for ten pairs of bones. 
Qi » ((Qn). . - (Q^)^ •)> as penetration parameter was controlled for 
1 0 i psi 0 50 psi 
anatomy. The curve depicted has a logarithmic function: Q^=80-249.76e ®*026p 
and is qualitatively similar to figure 14. Figure 16 is a graph of 
Q„ vs. pressure for ten pairs of bones. Q„, (Q./(Q„)r„ .), was also 
l 2 1 0 50 psi 
controlled for anatomy. The curves depicted also has a logarithmic 
function: Q =4. 0-12.86e ^*025p an(j is quaiitativeiy similar to figures 14,15. 
Thus, cement penetration into cancellous bone increased with intrusion 
pressure and reached near maximum at >100 psi pressure, and this is well 
expressed by all three parameters Q^, Q^, Q^. 
Penetration Distribution vs. Pressure 
Figures 17, 18 are photographs of six metaphyseal sections pressurized 
to 16, 50, 70, 85, 125, 150 psi respectively. Figure 19 is a graph of 
vs. 0 (30° segments) for each of the six specimens. (Refer to figure 9 
for definitions) One notes that the curves depicted provide greater 
descriptive details of the distribution of cement in the bone. Cement was 
unevenly distributed radially, and for any pressure the direction of 
maximum penetration was in the lateral region of the bone. As a function 
of pressure, cement penetration into the lateral cancellous bone was 
fascilatated with near complete penetration at ~70 psi while the medial- 
posterior cancellous bone remained relatively under-penetrated until higher 
pressures were reached, (e.g. at 125 psi.) Several factors may be responsible 
for this process: Since the reamed hole was always situated medially, 
the bulk of cancellous bone lay in the lateral region. Cancellous bone 
may have different density and porosity in different regions. 
, 
12 
Results are also presented for the second metaphyseal section in 
graphic forms. (Figures 20 to 27 ) The results are qualitatively similar 
to those for the first section. The curves appear shifted primarily 
because of the diminished amount of cancellous bone in the second metaphyseal 




Aseptic mechanical loosening of the femoral component is the major 
long term complication of Total Hip Arthroplasty. The role of the bone- 
cement interface in this process has been extensively studied. The 
pathophysiology of femoral loosening has been studied by Miller (1978). 
He describes an "en masse" loosening of the stem and cement with respect 
to cancellous bone and postulates that it can result from a failure of the 
cement to interface with the surrounding cancellous bone in a mechanically 
sound fashion. Cyclic loading induces "micromovement" of the cement, 
which can lead to bone resorption and increasing degree of movement until 
19 
the hip becomes symptomatic. Micromovement may also cause stress con¬ 
centration, PMMA fatigue and fracture, and subsequent failure of the 
implant. Gruen (1979) has assessed femoral loosening using serial 
radiographic examination. Looseness, as evidenced by fractured cement or 
a radiolucent zone at the cement-bone or stem-cement interface, was observed 
in 19.5% of hips on an average follow-up period of 3 years, with the 
majority of cases showing looseness at the cement-bone interface. Implant 
failure, as evidenced by an unstable femoral component with inadequate 
fixation at either interfaces and cement fracture, was classified into 
four different modes, and the most frequent mode was "pistoning" of the 
stem-cement composite against bone, implicating an inadequate interdigitation 
g 
of cement with cancellous bone. 
Recently, modifications and improvements of surgical techniques have 
been advocated to increase cement penetration into cancellous bone and 
hence the mechanical strength of the interface. These include thorough 

14 
cleaning of medullary bone surface to remove surgical debris ^>10,14 
J J , . . 3,7,10,14,18 
and pressurized injection of low viscosity cement. The 
pressurization studies appear to have potential clinical application 
although the results thus far are preliminary and warrant more extensive 
studies. It is essential to examine quantitatively the effects of 
pressurization with respect to bone-cement interlocking, the interface 
mechanical strengths and local, systemic toxicity to the patient. 
In this iii. vitro study of canine femora, the relationship between 
cement penetration into cancellous bone and intrusion pressures was explored. 
With carefully controlled experiments, in which one femur was used as a 
control for its paired mate, a positive relationship between cement pene¬ 
tration and pressure was demonstrated. These are shown graphically using 
three penetration parameters. (Figures 14, 15, 16 ) The three curves 
demonstrate logarithmic functions, with cement penetration increasing and 
reaching~90% of available cancellous bone at ~100 psi. At higher pressures 
the curves level off as maximal penetration was achieved. 
The relationship between cement penetration and bone size was also 
explored, using a control pressure of 50 psi. (Figures 10, 11, 12, 13 ) 
The amount of cement penetration was found to be directly proportional to 
bone size. Furthermore, percent cement penetration was found to be nearly 
constant as a function of bone size. These results imply that cancellous 
bone becomes more porous as the bone increases in size thus allowing 
greater amount of cement penetration. One may speculate on extrapolating 
the results for the human femora which have cross-sectional areas 2 to 4 
times the canine’s. It would follow from the above relationships that one 




at a lower intrusion pressure. The speculations must, of course, be 
verified experimentally. 
In order to assess cement penetration in greater detail, the segmental 
distribution of cement in cancellous bone was examined. (Figures 17, 18, 19) 
As a function of pressure, cement penetration into the lateral cancellous 
bone was nearly complete at -'■'70 psi while the medial-posterior cancellous 
bone was underpenetrated until much higher pressure, 125 psi, was achieved. 
This phenomenon may in part be due to differential density and porosity 
of the cancellous bone as a function of its location, and it correlates 
with Gruen’s finding that the majority of radiolucency at the bone-cement 
interface (as evidence for femoral loosening) occurred in the proximal- 
g 
medial portion of the femur. Halawa’s work is also of interest. Using 
human cadaveral femora, he has shown that the shear strength of cancellous 
bone depended on its location in the bone. Strength increased with proximity 
to cortex, and the medial "compressive trabeculae" had much higher strength 
than the lateral "tensile trabeculae". He further hypothesized that 
trabeculae orientation and density were responsible factors.^ In view of 
Halawa's studies, the above findings would suggest that the medial cancel¬ 
lous bone with greater shear strength was more resistant to cement 
penetration because of increased density while the lateral cancellous bone 
allowed better cement penetration but had less shear strength secondary 
to its density and orientation. This has clinical significance in terms 
of positioning of the reamed hole and hence the prosthetic implant for 
maximum fixation strength. 
While this study has addressed the specific question of cement 
penetration as a function of intrusion pressure, many questions remained 

16 
unanswered. Studies are under way in our laboratory to correlate interface 
mechanical strength with cement penetration. In vivo canine studies are 
also planned to study stress loading with a total hip prosthesis in place 
so as to simulate the process leading to loosening. 
Local and systemic toxicity of pressurization must also be addressed. 
Drinker (1981), using similar methodology and pressurization techniques 
in vivo, has demonstrated progressively increasing amounts of pulmonary 
fat emboli at pressures greater than 50 psi. Although no significant 
cardiopulmonary dysfunction was observed at pressures up to 175 psi, one 
case of acute cardiopulmonary collapse was seen in the experimental animal 
after pressurization at 100 psi with Zimmer Low Viscosity Cement.^ Hence, 
the upper limit of safe pressures appears to the in the range of 50 to 100 psi. 
Histological studies are needed to assess the reaction of cancellous bone 
to pressurization. Studies by Rhinelander (1979) have shown that with 
non-pressurized cement injection, the cancellous bone in the metaphysis, 
because of its excellent vasculature, suffered minimal damage and resorption. 
Rhinelander has also shown that cancellous bone appears viable even if 
24 
it was surrounded by cement completely on histological sections. 
Huiskes (1981) has studied thermal injury of tibial cancellous bone 
following pressurized penetration of cement. The probability of thermal 
damage depended on penetration depth, curing time and cement layer 
13 25 
thickness. ’ Huikes concluded that a penetration depth of less than 
13 
5 mm would minimize thermal injury. In our experiments a 5-mm bone-cement 
composite would correspond to intrusion pressures between 50 and 70 psi. 
In conclusion, a method has been devised to study the effects of 
pressurized cement injection relating to prevention of femoral loosening. 

17 
Through further experimentation one hopes to define an optimal pressure 
range that would provide maximum interface mechanical strength without 




Figure 1 Prepared femur and metal syringe used to 
deliver the PMMA intramedullary plug. The hole drilled 
into the medial cortex is for eventual fitting of 
transducer. Note the distal cross-bar which is used 
for securing the bone to the pressure injection system. 
' 
19 
Figure 2 Femur with modified Harris injection gun 
The transducer is fitted in the bone. 
I 
20 
Figure 3 Femur with pressure injection system (I) 
Note that the bone is securely clamped and its proximal end 
is partially occluded with a rubber cap. The transducer 
is now connected to a power supply and chart recorder. 

21 
Figure 4 Femur with pressure injection system (II) 
The pneumatically driven system incorporates a modified 
Harris injection syringe. The apparatus for varying 
the applied pressure is on the right. 

22 
Figure 5 Schematic diagram of pressurized cement 
injection. The bone is secured to the injection system 







Figure 6 Proximal femur cut into eight transverse 




Figures 7, 8 Diagram and photograph of the inferior 
surface of the first transverse section, pressurized 
at 85 psi. Cement was colored with blue dye. Note 
the position of the reamed hole, the cement-cancellous 
junction and the cortical-cancellous junction. Note 
the definitions of cross-sectional areas A, A„ A„ A,. 








0=Center of reamed hole 
A=Anterior extent of the 
mid-sagittal plane of 
bone 
Figure 9 Segmental areas for analysis of regional 
cement distribution. Note that the bone is subdivided 
into twelve 30 segments. Within each segment, the 
areas are defined as B. B„ B„ B,. 
4 3 2 1 
/ 
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Figure 14 Q0 VS. Pressure slice one 
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Figures 17,18 First metaphyseal sections pressurized at 




Anterior Lateral Posterior Medial 




A. (mm ) 
4 

















Figure 23 vs. slice two 
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Figure 25 vs. Pressure slice two 
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